Introduction
To detect cancer in early-stages, a highly sensitive biomarker assay plays an important role. Telomeres are tandem repeats located at the termini of most eukaryotic chromosomal DNA. During each turn of DNA replication, the length of telomere in normal somatic cells may be shortened due to the end-replication problem, 1 causing cells to enter the process of senescence or apoptosis gradually. 2 In contrast, telomerase, a ribonucleoprotein complex, using its intrinsic RNA as a template, catalyzes the addition of (TTAGGG)n repeats to the ends of chromosomes and maintains the length of telomere. 3 Till now about 80 -90% of more than 950 primary tumors have been reported to express telomerase activity, 4 therefore, telomerase has been regarded as a mark of tumor cells. 5, 6 Therefore, development of analytical methods to detect the activity of intracellular telomerase is attracting more and more interest.
A variety of methods for telomerase assay have been reported over the last decade. Among them, telomere extension assay (TEA) 7 and polymerase chain reaction (PCR)-based telomeric repeat amplification protocol (TRAP) 6 have been widely employed in the quantitative assay of telomerase activity, in the process of which some harmful radiation or expensive fluorescent labels have to be used. To eliminate these drawbacks, researchers have proposed several techniques, such as incorporating silver staining techniques with TRAP, [8] [9] [10] [11] and some other optical 12, 13 or electrochemical 14, 15 techniques.
However, most of these proposed methods depend on complex or time-consuming procedures, which may limit their further applications in the identification of tumor cells.
Herein, two strategies for identification of tumor cells are proposed, one involving electrochemical technique and the other involving UV-visible spectrometry. The electrochemical assay is based on PCR amplification of the elongated DNA sequence produced by telomerase that existed in the cell lysate. Oxidation of guanine in PCR products at the surface of the electrode would create the electrochemical signals, which are related directly to the activity of telomerase in the cell lysate. The spectrometric assay is based on the crosslink of elongated DNA-modified gold nanoparticles (GNPs) produced by telomerase in the cell lysate under special solution conditions, and the following changes in UV-visible spectra. Both methods can detect the intracellular telomerase activity directly after the treatment of the cells with the cold lysis buffer, without any extraction or purification steps, thus they may provide rapid and effective means to identify tumor cells.
Two strategies to identify tumor cells were developed in this research via analyzing the activity of telomerase inside the cells, which is regarded as the mark enzyme of tumors. The lysate of cells was used to assay directly. In the electrochemical assay, the substrate of telomerase was incubated with the lysate, followed by PCR amplification of the elongated products. Then the oxidation peak current of guanine that existed in the hydrolyte of PCR products was used as a target to identify tumor cells. In the spectral assay, the lysate of cells was used to catalyze the elongation of the substrate of telomerase modified on the surface of gold nanoparticles. Due to the formation of G-quadruple structures after elongation and subsequent aggregation of gold nanoparticles, the changes in UV-visible spectra can also be utilized to identify tumor cells. sulfonate (CHAPS), and deoxyribonucleoside triphosphate (dNTP) were from Shanghai Sangon Biological Engineering Technology & Services Co., Ltd. All the other chemicals were analytical grade and were used as supplied without further purification. Water was purified with a Milli-Q purification system (Branstead, USA) to a specific resistance of >18 MΩ cm and used to prepare all solutions.
Lysis of the cells
The harvest cells (HeLa, B16, and 293T) were washed with cold wash buffer (10 mM HEPES-KOH (pH 7.5), containing 1.5 mM MgCl2, 10 mM KCl, and 1 mM dithiothreitol (DTT)), and enriched by centrifugation at 10000g for 1 min under 4 C. The cells (10 6 ) were lysed by 200 μl cold CHAPS lysis buffer on ice for 30 min. The lysate was centrifuged at 16000g for 20 min under 4 C before being collected.
PCR amplification
The TS1 was incubated in the 50 μl reaction system (20 mM Tris-HCl (pH 8.3), 1.5 mM MgCl2, 63 mM KCl, 0.005% Tween-20, 1 mM EGTA, 50 μM dNTP, 0.1 μg TS1, 1 μg T4 gene 32 protein, 0.1 mg ml -1 BSA mixed with 2 μl cell lysate) for 10 min at room temperature. Then PCR reverse primer (0.1 μg) and Taq polymerase (2 U) were added into the mixture for 27 cycles of PCR amplification (94 C for 30 s, 50 C for 30 s, and 72 C for 90 s). The purification solution (in accordance with the proportion of 100 μl PCR products, 200 μl ethanol, 10 μl sodium acetate buffer (3 M, pH 5.2)) was stored in the refrigerator at -20 C for 1 h. The resulting mixture was centrifuged, and finally washed twice with 75% ethanol.
Electrochemical measurement
The pyrolytic graphite (PG) electrode (2 mm diameter) was firstly polished on rough (P800) and then on fine (P2000) abrasive papers.
Then the electrode was washed by ultrasonicating in both double distilled water and ethanol for about 5 min each. Ten microliters of 3 M HCl were added to 50 μl of the above PCR products; then 30 μl of the mixture solution was spread evenly onto the surface of each electrode. The electrode was dried in the air overnight, during which the hydrolysis of the PCR product was achieved. Electrochemical experiments were performed on a Model 660C eletrochemical analyzer (CH Instruments). The modified electrode was preconditioned at 1.4 V for 1 min and accumulated at -0.05 V for 2 min in 0.5 M acetate buffer (pH 4.8) containing 20 mM NaCl. Then differential pulse voltammetry (DPV) was carried out immediately in the same solution by scanning from +0.8 to +1.4 V with a pulse height of 50 mV, a pulse width of 50 ms, and a step potential of 4 mV. A three-electrode system consisting of the modified PG working electrode, a saturated calomel reference electrode (SCE) and a platinum counter electrode was used for all the electrochemical measurements.
Preparation of oligonucleotide-modified GNPs
The GNPs, 13 nm in diameter, was prepared following the described protocol, 16 and UV-visible spectrometry was used to estimate their concentration (1.75 × 10 -8 M in this work). Then GNPs (100 μl) were incubated with thiolated oligonucleotides TS2: 5′-HS-AATCCGTCGAGCAGAGTT-3′ (75 μl, 7 μM) in 10 mM PBS (pH 7.0) containing 1 M NaCl at room temperature for 16 -24 h. After being centrifuged at 21000g for 20 min, the prepared DNA-GNPs were washed with the above buffer. Finally, the DNA-GNPs were redispersed in PBS buffer (600 μl).
UV-visible spectral measurement
Twenty microliters of DNA-GNPs, 40 μl of 20 mM Tris-HCl buffer (pH 8.5) containing 1.5 mM MgCl2, 63 mM KCl, 0.05% Tween-20, 1 mM EGTA, and 1 mM dNTP, were mixed with a certain amount of the cell lysate and incubated for 1 h at 20 C. The resulting mixture was centrifuged, and then the precipitate was redispersed into 10 mM Tris-HCl (pH 7.4) containing 200 mM KCl. The UV-visible spectra were obtained on a Libra S22 UV-visible spectrophotometer (Biochrom).
Results and Discussion

Electrochemical assay of telomerase activity
As is well known, the (TTAGGG)n repeats, which is formed by the catalysis of telomerase, are rich in guanine. Thus the amount of guanine in the elongated DNA sequence is correlative with telomerase activity and can be regarded as the mark for the detection of the tumor cells. Meanwhile, guanine is the most electroactive base of DNA. It can be detected directly by the electrochemical technique, 17 the oxidation peak of which can be obtained at about +1.05 V (vs. SCE) by performing differential pulse voltammetry (DPV).
Therefore, a label-free electrochemical method to identify the tumor cells has been developed in this study. Figure 1 illustrates the mechanism of the electrochemical assay. Herein, an ssDNA molecule (TS1: 5′-AATCCGTC-GAGCAGAGTT-3′) was used as the special substrate of telomerase, which can be catalyzed by the lysate of cancer cells including telomerase activity. As sufficient dNTP was added into the reaction system, TS1 would be extended with (TTAGGG)n repeats for a certain time, causing the increase of the amount of guanine in the DNA molecules. In order to improve the sensitivity of the detection, we introduced PCR, a commonly used technique in molecular biology, to amplify the elongated product catalyzed by the telomerase in the cell lysate. After the amplification by PCR, the unreacted dNTP were removed and the final DNA products were treated with 3 M HCl and hydrolyzed into isolated dNMP. Then DPV was employed to detect the dGMP in hydrolytes directly.
TS1 was first incubated with 2 μl lysate of different kinds of cells, and then the products were amplified by PCR. Figure 2 shows the differential pulse voltammograms of the hydrolytes of each PCR products obtained at the PG electrode. An obvious oxidation peak of guanine can be observed at the potential of +1.05 V (vs. SCE) in curves b and c, with the peak currents of 4.24 and 3.89 μA, corresponding to the treatment of TS1 with the lysate of HeLa cell and B16 cell, respectively. These are both cancer cells. By contrast, the test of TS1 treated with the lysate of a kind of normal cell, 293T cell, has also been performed. As is shown in curve a, only a very slight oxidation peak of guanine with the peak current of 0.61 μA can be observed.
The above results are reasonable. The activity of telomerase in normal cells is inhibited, whereas in the cancer cells, it is highly active. The content of guanine in TS1 is low. After incubation with the lysate of normal cells, the electrochemical signal of guanine is slight even after PCR amplification. However, the catalysate of telomerase, (TTAGGG)n repeats, is rich in guanine. After PCR amplification, the content of guanine is further increased. Therefore, its hydrolyte can give strong oxidation signals in DPV. The remarkable difference between the peak currents of different curves in Fig. 2 could be ascribed to the different activities of telomerase.
Thus this PCR-electrochemistry combined method could be employed to identify normal cells and cancer cells.
Furthermore, the values of the oxidation peak current of guanine were found to depend on the content of telomerase corresponding to the volume of the cell lysate added. The more lysate added into the reaction systems, the higher the oxidation peak is, as shown in Fig. 3 , from curve a to e. The increase of peak currents should be ascribed to the formation of more (TTAGGG)n repeats by adding more cell lysate, which contains higher content of telomerase. The relationship between the peak current and the volume of the lysate added into the incubation solution is shown in Fig. 3 inset.
Noticeably, the oxidation peak of curve f in Fig. 3 is much lower than the others since the process of PCR was ignored; thus the amplifications of the content of guanine were cancelled accordingly. Therefore, PCR is an important and indispensable step for the electrochemical assay of telomerase with low detection limit.
Spectral assay of telomerase activity
Besides the PCR-electrochemical assay, another detection method, based on the changes in UV-visible spectra of thiolated substrate of telomerase modified GNPs, has also been proposed, as shown in Fig. 4 . The thiolated substrate, TS2: 5′-HS-AATCCGTCGAGCAGAGTT-3′, was modified onto the surface of GNPs through self-assembly. So-formed DNA-GNPs can still act as the substrate of telomerase; if one adds (TTAGGG)n repeats to the end of the DNA sequence, one can produce elongated DNA-GNPs complex with guanine-rich sequence. Meanwhile, the guanine-rich oligonucleotides modified GNPs can aggregate at high ionic strength, especially under high concentration of K + , thanks to the formation of G-quadruple structures. 18 As is well known, the aggregation of GNPs will cause the decrease of absorbance and red shift of maximum absorption wavelength in UV-visible spectra. Thus telomerase that exists in the lysate of cancer cells can be characterized by the changes in UV-visible spectra of DNA-GNPs.
The lysate materials from different kinds of cells (HeLa, B16, and 293T) were added into the extension solution that contained a fixed concentration of TS2 modified GNPs, before being dispersed into 10 mM Tris-HCl (pH 7.4, containing 200 mM KCl). The UV-visible spectra of DNA-GNPs before and after incubation with different lysates, are shown in Fig. 5 . Curve a represents the UV-visible curve of DNA-GNPs without incubation with any cell lysate. It can be observed that an absorption peak with the maximum absorption wavelength of about 540 nm exists in the UV-visible spectrum. After incubation with the lysate of 293T cell, a kind of normal cell, the absorbance decreases slightly in the UV-visible spectrum, without any shift in maximum absorption wavelength (curve b, Fig. 5 ). However, after incubation with the lysate of HeLa or B16, an obvious peak shift to the longer wavelength, together with a decrease of absorbance, can be observed in the UV-visible spectra of DNA-GNPs (curves c and d, Fig. 5 ), owing to the aggregation of GNPs. Since TS2 on the surface of GNPs were extended into guanine-rich oligonucleotides catalyzed by the telomerase-containing lysate, they folded into the structure of G-quadruple with high concentration of K + , subsequently caused the aggregation of DNA-GNPs. The distinct differences in the UVvisible spectra can easily identify tumor cells and normal cells.
Conclusions
In summary, we have proposed two novel strategies to distinguish tumor cells from normal cells through analyzing the activity of intracellular telomerase. Both strategies can directly detect telomerase in the lysate by treatment of the cells with the cold lysis buffer. One strategy is based on PCR amplification of the product of elongated TS1 catalyzed by telomerase in the cell lysate, and detection of the oxidation peak of guanine by performing DPV. The peak current is directly related with the activity of telomerase in the lysate. The assay has higher sensitivity compared with that of conventional TRAP; however, it still needs the operation of PCR amplification, and thus is time-consuming. The other strategy is based on elongation of TS2 modified on the surface of GNPs by telomerase in the cell lysate, and allowing the aggregation of the elongated DNA-GNPs in high concentration of K + due to the formation of G-quadruple structure. The corresponding changes in UV-visible spectra depend on the activity of telomerase in the lysate. The spectral assay is very simple, but with satisfactory sensitivity. Therefore, these methods might be developed as feasible ways of clinical diagnosis for tumors in the future. 
